Introduction
============

Coronary artery disease (CAD) is the leading cause of death worldwide, contributing to over 7.2 million deaths annually.[@b1-btt-7-149] Although CAD mortality rates have declined over the past three decades, CAD remains responsible for about one-third of all deaths in individuals over the age of 35 years.[@b2-btt-7-149] It has been estimated that nearly one-half of all middle-aged men and one-third of middle-aged women in the United States will develop some manifestation of CAD.[@b3-btt-7-149] In addition to medical treatment, percutaneous coronary intervention (PCI) is, for many patients, the management of choice for coronary atherosclerosis.

Percutaneous coronary intervention
----------------------------------

Since the introduction of percutaneous balloon angioplasty by Gruntzig in 1977, major advances have been made in the clinical practice of PCI for the treatment of CAD. Puel and Sigwart, in 1986, deployed the first coronary stent to act as a scaffold, thus preventing vessel closure during PCI and reducing the incidence of restenosis, which was occurring in up to 40% of cases.[@b4-btt-7-149] Bare metal stents (BMS), however, were still associated with a 20% to 30% intra-stent restenosis rate requiring reintervention.[@b5-btt-7-149],[@b6-btt-7-149] Such restenosis occurred as a result of neointimal hyperplasia within the stent, caused by the migration and proliferation of vascular smooth muscle cells and intercellular matrix. Typically, this phenomenon is clinically evident within the first 6 to 9 months after stent placement, and occurs in response to strut-associated vascular injury and inflammation.[@b5-btt-7-149]

In 2002, drug-eluting stents (DES) were introduced as a strategy to minimize restenosis, thus reducing the requirement for re-intervention. By releasing antiproliferative and anti-inflammatory drugs directly into the vessel wall, DES inhibit the development of neointimal hyperplasia. Furthermore, the local release of the drug at the site of vascular injury achieves an effective local concentration of a drug for a certain period of time, while simultaneously avoiding systemic toxicity.

Initial animal studies demonstrated a clear benefit of DES over BMS (4% to 6% restenosis rate versus 20% to 30%),[@b5-btt-7-149] and pooled analyses of early randomized clinical trials further confirmed a 74% reduction in the risk of target lesion revascularization (TLR) at 1 year after stent implantation, favoring first-generation DES over BMS.[@b7-btt-7-149]

The initial enthusiasm generated by controlled neointimal growth in DES was, however, tempered by reports on incomplete endothelialization and stent thrombosis.[@b8-btt-7-149] Animal studies demonstrated complete endothelialization with BMS at 28 days, whereas DES uniformly showed incomplete healing at 180 days.[@b9-btt-7-149] These observations led to the recommendation to use prolonged dual antiplatelet therapy (DAPT, aspirin and thienopyridine for at least 3--12 months) after DES, followed by lifelong aspirin monotherapy.[@b10-btt-7-149] Despite this regimen, late stent thrombosis (ie, occurring \>30 days post stent insertion) remained a significant complication in patients with first-generation DES, in part influenced by stent characteristics, procedural aspects, and preexisting comorbidities which further increase the risk of stent thrombosis.[@b11-btt-7-149]

The dramatic clinical consequences of stent thrombosis with increased risk for myocardial infarction and death have therefore shifted stent research towards enhanced safety and efficacy by optimally combining stent platform, drug, and kinetics of drug release.

Newer-generation DES: analysis of DES compounds
-----------------------------------------------

### Stent platform

Important developments in stent platform, including design, structure, and composition, have resulted in significant technical advances and clinical benefits. The ideal stent is considered one that is highly deliverable, has a thin-strut, low-profile flexible design with high radiopacity, high radial strength, and minimal recoil.[@b12-btt-7-149]

For many years, stents utilized 316L stainless steel (SS), owing to its excellent combination of mechanical properties, corrosion resistance, and biocompatibility. Reduction of strut thickness (130--140 μm) further improved flexibility and trackability, while maintaining radial strength and minimal recoil, ultimately leading to improved stent deliverability and reduced restenosis rates.[@b13-btt-7-149] This occurred, however, at a cost of reduced stent visibility. Highly radiopaque gold surface coatings were initially explored to improve stent visibility, but resulted in poor clinical performance with higher rates of restenosis.[@b14-btt-7-149] Furthermore, given the relatively moderate yield strength of 316L-SS, further opportunity for reduction of 316L-SS strut thickness was limited due to stent compression strength compromise, pointing towards the need for higher strength metal alloys.

Cobalt chromium (CoCr) alloys enabled a reduction in strut thickness to around 80--90 μm with modest improvement in radiopacity (eg, density of 9.1 g/cm^3^ and 8.4 g/cm^3^ for the CoCr L605 Vision stent \[Abbott Vascular, Santa Clara, CA, USA\] and MP35N Driver stent \[Medtronic, Minneapolis, MN, USA\], respectively, compared with 8.0 g/cm^3^ for 316L-SS). Higher elastic properties of CoCr, however, occur at a cost of greater recoil when compared with SS stents.[@b15-btt-7-149]

Platinum (Pt) represented an appealing alloy compound, given its known biocompatibility, chemical stability, corrosion resistance, and strength. Alloys with 33% Pt appeared to provide the optimal balance between processability, mechanical properties, strength, stability, and radiopacity (density 9.9 g/cm^3^).

Finally, an alloy combining Pt and Cr resulted in a significant yield in strength (480 MPa) as compared with 316L-SS (275 MPa), enabling a reduction in strut thickness while maintaining radial strength, simultaneously providing improved radiopacity compared to the 316L-SS and CoCr alloys.[@b15-btt-7-149]

### Drug

The antiproliferative agents used for the platforms of DES are highly lipophilic molecules that are distributed into the arterial wall and exert either immunosuppressive effects or antiproliferative effects on smooth muscle cells. First-generation DES used sirolimus or paclitaxel as antiproliferative agents. Sirolimus, and its limus-family analogs, bind to the intracellular receptor FKBP12, inhibiting the mammalian target of rapamycin, resulting in up-regulation of cyclin-dependent kinase inhibitor p27Kip1. This blocks the proliferation of smooth-muscle cells in the gap 1 (G~1~) phase of the cell cycle (immunosuppressive effects). Conversely, paclitaxel binds to the β-tubulin subunit of microtubules, inhibiting the disassembly of microtubules and thereby arresting cell replication in the G~0~--G~1~ and mitotic phases of the cycle of smooth-muscle cells (antiproliferative effects). Both sirolimus- and paclitaxel-eluting stents (SES and PES) significantly reduced the rate of repeat revascularization as compared with BMS, but several studies reported an increased risk of late and very late stent thrombosis with these DES.[@b16-btt-7-149] In an effort to enhance the safety and efficacy of DES, newer-generation stents eluting almost invariably limus analogs were developed. In large randomized trials, these everolimus-, zotarolimus- and biolimus-eluting stents (EES, ZES, and BES) showed improved clinical outcomes as compared to PES and SES, either with regard to the risk for death, myocardial infarction (MI) or repeat revascularization, and/or with regard to stent thrombosis.[@b17-btt-7-149]--[@b23-btt-7-149]

### Kinetics of drug release

The antirestenotic efficacy of DES technology is based on the local delivery and modulated release to the vessel wall of cytotoxic drugs targeted at inhibition of neointimal hyperplasia. Control of drug release kinetics is a critical component of device efficacy. Many methods of loading stents with drugs have been developed for DES. Most of the agents must be bonded to a matrix polymer, which acts as a reservoir to ensure uniform distribution of the drug on the stent and drug retention during its insertion and deployment. The types, compositions, and designs of the polymers coated on the stent dictate the kinetics of drug release over a period of weeks to months following implantation. To date, this has been most effectively performed by stent coatings composed of synthetic nonerodable (permanent) polymer, such as poly-n-butyl methacrylate and polyethylene-venyl acetate with sirolimus and a poly(styrene-b-isobutylene-b-styrene) copolymer with PES, facilitating drug loading and delaying elution of the active drug.[@b24-btt-7-149] Polymer remaining after drug release is, however, an unnecessary design component of DES. Furthermore, first-generation permanent polymers have been associated with hypersensitivity reactions, delayed healing, and incomplete endothelialization that may contribute to an increased risk of late and very late stent thrombosis when compared to BMS.[@b25-btt-7-149]--[@b27-btt-7-149] Consequently, current American and European clinical guidelines recommend at least 6 to 12 months of DAPT with aspirin and a thienopyridine to prevent late thrombotic complications after treatment with DES.[@b28-btt-7-149],[@b29-btt-7-149] Prolonged DAPT carries, though, not only inherent risks to the patient due to increased bleeding, especially with the newer and more potent antiplatelet drugs, but also raises a number of concerns regarding patient compliance, implications of DAPT interruption for invasive procedures, and economic cost of prolonged medication therapy.

In view of these valid concerns, extensive research has been directed toward modifying stent polymers with the aim of improving DES safety. Attempts have been made to reduce the total mass of polymer on the stent (eg, polymer thickness of 12.6 μm for the first-generation Cypher vs 7.0 μm for the Promus Element). In some designs, polymer mass is further reduced by selectively applying it to the abluminal stent surface, allowing targeted drug elution to the lumen endothelium while reducing the polymer--blood interface. Other modifications to first-generation DES have been an improved polymer biocompatibility and variable drug-elution time windows (from 14 days for the Endeavour ZES to 90 days for the Promus Element EES, as compared with 120 days for the Cypher SES).

Finally, there is ongoing research into the development of biodegradable polymer coatings that offer the attractive prospect of controlled drug release without the potential for late polymer-associated adverse effects. To date, there have been conflicting results,[@b30-btt-7-149]--[@b32-btt-7-149] although recent pooled analyses suggest a significant reduction of thrombosis risk at 4 years post stent implantation[@b33-btt-7-149] and a significant reduction in TLR[@b34-btt-7-149] in patients treated with biodegradable polymer DES. Ultimately, an alternative to avoid polymer issues is the development of novel polymer-free DES, such as the Cre8 polymer-free DES (CID, Saluggia, Italy), which employs an abluminal reservoir technology with specially formulated sirolimus loaded into the reservoirs, and the polymer-free drug-filled stent (Medtronic; 2013, data on file). The results of early preclinical and, in the case of Cre8 DES, clinical trials of these novel polymer-free DES are promising, although results from larger clinical trials are awaited.[@b35-btt-7-149]

Design structure of the platinum chromium EES
=============================================

Platinum chromium (PtCr) Element stent platform
-----------------------------------------------

The Element stent was designed utilizing the improved mechanical properties and radiopacity of the platinum-enhanced alloy. The stent platform consists of 33% iron, 33% platinum, 18% chromium, 9% nickel, 3% molybdenum, and a trace of manganese. It is laser cut from a tube of PtCr alloy, followed by an electrolytic etch to remove oxides and dross. Electropolishing is then carried out in phosphoric acid solution to yield a smooth, rounded, dimensionally uniform, chromium oxide-rich surface to help optimize biocompatibility. Finally a nitric passivation is performed. The biocompatibility has been validated in a variety of porcine implant studies.[@b15-btt-7-149]

The strut thickness is 81 μm, with a portfolio of stents being developed in diameters ranging from 2.25 mm to 4.0 mm and lengths from 8 mm to 38 mm. Key design objectives for the Element stent were improved flexibility and conformability (the ability of a stent to take up the natural curvature of a vessel without inducing vessel straightening or hinge points). Therefore, the Element stent was designed as a series of serpentine segments each joined to the next by two connectors, with the connector geometry arranged in a three-dimensional double helix--type configuration ([Figure 1](#f1-btt-7-149){ref-type="fig"}). This design allows forces to be balanced along the stent and allows each segment to operate almost independently of the others. The segment peaks are offset (nested), thereby reducing potential strut-to-strut contact when maneuvering the stent around a bend, enhancing deliverability. Furthermore, the peaks are widened and the length of each segment has been shortened to help redirect expansion strain longitudinally (contributing to increased radial strength) and to further improve conformability, respectively. Four separate stent models, including a specific 2.25 mm diameter model for smaller vessels, were developed to enhance the scaffolding and ensure adequate surface-to-artery ratio (which relates to uniformity of drug delivery). Most other contemporary stents are based on two stent models mounted on different-sized stent delivery balloons.

The mechanical characteristics and dimensions of the balloon and delivery system contribute to the overall device deliverability and therefore are clinically relevant. The Element platform is mounted on a customized stent delivery system based on the Apex balloon catheter (Boston Scientific, Natick, MA, USA), providing improved proximal shaft pushability and distal shaft and balloon flexibility. The Promus Element Plus (Boston Scientific), commercially available from late 2012, is identical to the Promus Element apart from the incorporation of latest balloon delivery technology. This new delivery system consists of a new dual-layer balloon, a strong outer layer, and a flexible inner layer, resulting in overall improved deliverability. The Promus Premier (Boston Scientific), which will become commercially available in the near future, is identical to the Promus Element Plus but includes extra connectors on the proximal two segments of the stent. This latest platform enhancement will make the proximal stent end more robust to provide increased axial strength.

Everolimus: drug pharmacology
-----------------------------

Everolimus (SDZ-RAD, C~53~H~83~NO~14~) is an analog of rapamycin, and is being successfully used in the prevention of allograft rejection after organ transplantation. The antiproliferative and immunosuppressive actions of everolimus are mediated by binding to its intracellular receptor, FKBP12.[@b36-btt-7-149],[@b37-btt-7-149] This everolimus-FKBP12 complex then interferes with FRAP (FKBP12-rapamycin-associated protein), a regulatory protein that controls, through the phosphorylation of p70 S6 kinase and 4E-BP1, cell metabolism and proliferation.[@b38-btt-7-149] Consequently, FRAP inhibition arrests cell cycle at the late G~1~ stage, leading to inhibition of cell metabolism, growth, and proliferation. Everolimus acts on several cell types, including vascular smooth muscle cells, and in experimental models has been shown to significantly reduce neointimal proliferation following stent implantation.[@b39-btt-7-149] More recently, another unique property of everolimus has been reported in an animal atherosclerotic model of coronary stenting: stent-based delivery of everolimus was found to selectively clear macrophages in rabbit atherosclerotic plaques by autophagy, a mammalian target of rapamycin inhibition-dependent and novel mechanism to induce cell death in mammalian cells.[@b40-btt-7-149] Due to its molecular and chemical structure, everolimus is more lipophilic than sirolimus and is more rapidly absorbed into the arterial wall, therefore potentially enhancing the speed of action and depth of absorption following stent implantation.[@b41-btt-7-149]

Extensive clinical data support the safety and efficacy of everolimus for stent drug elution. Indeed, the Xience V (Abbott Vascular) and Promus (Boston Scientific) EES, two identical EES on a balloon-expandable Multi-Link vision L-605 Co-Cr platform, were shown in randomized trials to reduce the rates of angiographic and clinical restenosis, MI, and stent thrombosis compared with a PES.[@b17-btt-7-149],[@b18-btt-7-149],[@b42-btt-7-149] More recent meta-analyses have reported lower risks of stent thrombosis, TLR, and MI associated with EES relative to other available DES.[@b20-btt-7-149],[@b43-btt-7-149],[@b44-btt-7-149]

Promus Element PtCr everolimus-eluting stent
--------------------------------------------

The Promus Element consists of the newly developed Element stent platform that is coated with a polymer (total polymer thickness of 7 μm) with two layers, a poly n-butyl methacrylate primer layer and a nonadhesive, durable, biocompatible drug matrix layer. The drug matrix is composed of a copolymer of polyvinylidene fluoride and hexafluoropropylene blended with everolimus. This matrix of everolimus fluoropolymer contains 100 μg of everolimus per square centimeter of stent surface area and is designed to release approximately 80% of the drug within 30 days after implantation in vivo, with none detectable after 120 days, and with minimal everolimus systemic levels. The fluoropolymer surface elicits a biological response known as fluoropassivation that minimizes the fibrin deposition and thrombogenicity, thereby reducing the inflammatory reaction and enhancing endothelial healing.[@b45-btt-7-149],[@b46-btt-7-149] This polymer--drug combination is identical to the combination incorporated in the Promus/Xience V CoCr EES stent (Boston Scientific/Abbott Vascular) mentioned previously. Hence, the Promus Element PtCr EES is a combination of the successful Promus/Xience V drug and polymer formulation with a PtCr stent platform designed for improved deliverability and radiopacity, and with high radial strength. The Promus Element PtCr-EES received CE mark approval and was launched in Europe and other international markets in 2009, with FDA approval in 2012.

Synergy PtCr everolimus-eluting stent
-------------------------------------

The most recent addition to the family of PtCr EES is the Synergy stent (Boston Scientific). It consists of a thinner-strut platinum chromium stent platform that delivers everolimus from an ultrathin (4 μm) bioabsorbable poly-DL-lactide-co-glycolide (PLGA) polymer applied to the outer (abluminal) stent surface only ([Figure 2](#f2-btt-7-149){ref-type="fig"}).

The Synergy stent underwent several modifications to the Promus Element PtCr platform, including reduced strut thickness (74 μm) with rounder struts, changes in connector angle, presence of two additional proximal and distal end connectors (to reduce the risk of longitudinal stent distortion, see below), and changes in peak radius ([Figure 2](#f2-btt-7-149){ref-type="fig"}). These modifications are intended to improve the crimping profile, flexibility, conformability, and longitudinal robustness.

Like the Promus Element Plus, the Synergy stent makes use of the latest balloon delivery technology with a dual-layer balloon.

In contrast with the majority of currently available DES, dosage and duration of polymer have been reduced with Synergy by limiting the polymer coating exclusively to the abluminal stent surface, and introducing bioabsorbable polymer formulations. The ultrathin (4 μm), light (200 μg per 16 mm stent vs \>400 μg per 16 mm stent for all other DES) bioabsorbable polymer of the Synergy stent allows complete endothelialization within 28 days of implantation in a porcine coronary artery model and completion of polymer reabsorption within 4 months ([Figure 3](#f3-btt-7-149){ref-type="fig"}).[@b47-btt-7-149] The polymer is therefore gone when it is no longer needed, shortly after completion of drug elution, minimizing polymer exposure in the vessel. In theory, the Synergy may thus reduce the risk of stent thrombosis and minimize the requirement for prolonged DAPT. The Synergy stent received CE approval in October 2012.

Efficacy and safety studies
===========================

PLATINUM Promus Element Clinical Trial Program
----------------------------------------------

The PLATINUM Clinical Trial Program was established to assess the efficacy and safety of the Promus PtCr EES in five multicenter studies totaling more than 1800 patients. These studies included a pivotal randomized controlled trial (RCT) in workhorse lesions, and single-arm studies evaluating small vessels, long lesions, quantitative coronary angiography (QCA), and intravascular ultrasound data, and finally a pharmacokinetic study ([Table 1](#t1-btt-7-149){ref-type="table"}).

The PLATINUM RCT is a prospective, multicenter, single-blind trial designed to evaluate the safety and efficacy of the Promus Element stent in the treatment of patients with up to two de novo coronary lesions.[@b48-btt-7-149] A total of 1530 patients were randomized 1:1 to treatment with either Promus/XienceV CoCr-EES or Promus Element PtCr-EES. The primary endpoint was the 12-month rate of target lesion failure (TLF), defined as target vessel-related cardiac death, target vessel-related MI, or ischemia-driven TLR. At 12 months, the Promus Element EES was noninferior to the Promus EES for TLF (3.4% vs 2.9%, *P* = 0.001 for noninferiority). Similarly, in the intention-to-treat population, the 12-month rate of TLF was not significantly different between the Promus Element and the Promus EES (3.5% vs 3.2%, respectively; HR \[95% CI\] = 1.12 \[0.64, 1.95\]). There were no significant differences between the Promus Element and the Promus/XienceV in the 12-month rates of cardiac death (0.9% vs 0.7%, *P* = 0.58), MI (1.1% vs 1.8%, *P* = 0.25), TLR (both 1.9%, *P* = 0.96), and definite or probable stent thrombosis (both 0.4% *P* = 1.00). A higher rate of unplanned stenting (9.8% vs 5.9%, *P* = 0.004) attributable to inadequate lesion coverage (ie, "geographical miss"; 3.4% vs 1.4%, *P* = 0.01) was observed with Promus/XienceV EES compared with Promus Element EES. In a post hoc analysis, the rate of TLR and TLF were significantly lower between 1--2 years in patients treated with the PtCr-EES compared to CoCr-EES.[@b49-btt-7-149]

After completion of the PLATINUM workhorse RCT, patients with prespecified lesion subsets were separately treated with the 2.25 mm small vessel (SV) or 38 mm long lesion (LL) Promus Element EES in the single-arm PLATINUM SV and LL studies. In these studies, outcome after treatment with the PtCR EES was compared to a prespecified performance goal based on outcomes from patients treated with the 2.25 mm SV or 38 mm LL TAXUS Express PES in the TAXUS V study.[@b50-btt-7-149]

Ninety-four patients with coronary lesions in a vessel segment with reference diameter of 2.25 mm to \<2.5 mm and ≤28 mm in length were included in the PLATINUM SV study. One-year TLF rates with the 2.25 mm PtCr-EES were significantly lower than the predetermined performance goals with TAXUS Express (2.4% vs 21.1%, *P* \< 0.001). Furthermore, this 1-year TLF rate compared favorably with outcomes observed with the ION (Taxus Element) PES in the PERSEUS small vessel study (4.7%),[@b51-btt-7-149] the XienceV EES in the SPIRIT small vessel study (5.1%),[@b52-btt-7-149] and with the Biomatrix Flex BES in the small vessel analysis from the LEADERS trial (9.6%).[@b53-btt-7-149] Furthermore, no stent thromboses were seen with the SV PtCr-EES through 2 years of follow-up.[@b54-btt-7-149]

One hundred and two patients with coronary artery lesions between 24 mm and 34 mm long in vessels of 2.50--4.25 mm in diameter were treated with the 38 mm PtCr-EES in the PLATINUM LL study. At 1 year, TLF rate with the PtCr-EES was significantly lower than the predetermined performance goals (3.2% vs 19.4% for TAXUS Express, *P* \< 0.001). The TLF rate observed at 1 year with the 38 mm PtCr-EES in this study is consistent with published rates for contemporary DES in long lesions, (2.4% for the SES and 7.2% for the PES in the LONG DES II study).[@b55-btt-7-149] No stent thromboses were observed with the LL PtCr-EES through 2 years of follow-up.[@b54-btt-7-149]

The PLATINUM QCA substudy is a single arm trial designed to examine angiographic and intravascular ultrasound (IVUS) outcomes with the PtCr-EES in 100 patients. The 30-day primary endpoint (cardiac death, MI, TLR, or definite and probable stent thrombosis) occurred in 1.0% of patients, with no additional major clinical events through 1 year. The efficacy endpoint of angiographic in-stent late luminal loss at 9 months with PtCr EES (0.17 ± 0.25 mm) was comparable with that previously reported for the Xience V/Promus EES (CoCr-EES) in the SPIRIT First,[@b56-btt-7-149] SPIRIT II,[@b57-btt-7-149] and SPIRIT III[@b42-btt-7-149] trials. By IVUS, the percentage of volume obstruction with PtCr EES at 9 month follow-up was 7%, equally in line with CoCr EES in the SPIRIT trials. Postprocedure incomplete stent apposition, as assessed with IVUS, appeared to be less frequent for the PtCr-EES (5.7%) than that reported for Xience V/Promus EES (34.4%) in SPIRIT III. Although this may reflect an advantageous stent design, it could also be related to other factors, including the extensive (90.1%) use of postdilatation and/or the maximum postdilatation pressure (18.0 ± 3.6 atm) in PLATINUM QCA.[@b58-btt-7-149]

Finally, the PLATINUM pharmacokinetic trial (PK) is a single-arm trial evaluating the PK profile of 24 mm Promus Element stents in 22 subjects with de novo coronary lesions. In this study, the highest blood concentration of everolimus remained well below the therapeutic range used for sustained treatment of subjects to inhibit organ rejection, and declined rapidly in all subjects, with no detectable drug level at 24 hours (Boston Scientific, data on file).

Overall, the clinical efficacy and safety outcomes observed in the PLATINUM Clinical Trial Program support the use of the PtCr-EES in the treatment of workhorse coronary lesions, as well as in the treatment of small caliber vessels and long lesions, confirming the successful transfer of favorable outcomes associated with everolimus to the novel PtCr stent design ([Figure 4](#f4-btt-7-149){ref-type="fig"}).

EVOLVE Synergy clinical trial program
-------------------------------------

Over 2000 patients are planned to be treated in the EVOLVE clinical trial program to assess the safety and efficacy of the PtCr Synergy EES. The program includes the EVOLVE First Human Use (FHU) study, the EVOLVE II study (currently recruiting), and future studies involving EVOLVE QCA, EVOLVE China, and EVOLVE short DAPT ([Table 1](#t1-btt-7-149){ref-type="table"}).

The EVOLVE FHU study compares safety and efficacy of two dose formulations of the Synergy stent, with abluminal bioresorbable polymer coating, to the durable polymer Promus Element EES.[@b59-btt-7-149] As the safety and efficacy of lower doses of everolimus were previously not investigated, the EVOLVE FHU trial evaluated one formulation of the Synergy stent with total everolimus dose similar to that of the currently available EES (38 μg to 179 μg, depending on stent length) and a second formulation with half the dose of everolimus (19 μg to 90 μg, depending on stent length) to determine if comparable efficacy could be achieved with a lower and potentially safer drug dose. A total of 291 patients with de novo coronary lesions were enrolled in this study a prospective, randomized, single-blind noninferiority trial. Patients were randomized in a 1:1:1 ratio to Synergy, Synergy half dose, or Promus Element. The primary clinical endpoint was the 30-day rate of TLF, defined as cardiac death or MI related to the target vessel, or TLR. The primary angiographic endpoint was in-stent late luminal loss measured by QCA at 6 months after implantation. TLF occurred at 30 days in 1.1% (n = 1) in the Synergy group and 3.1% (n = 3) in the Synergy half dose group, compared with no events with Promus Element. At 6 months, the incidence of TLF was 1.1%, 4.1%, and 3.1%, respectively, with secondary 6-month endpoint TLR rates of 1.1%, 1.0%, and 3.1%. Both dose formulations of the Synergy stent were noninferior to Promus Element with regards to angiographic in-stent late luminal loss at 6 months (0.10 ± 0.25 mm, 0.13 ± 0.26 mm, and 0.15 ± 0.34 mm, respectively). Furthermore, 12-month efficacy and safety data were favorable, with no significant difference in clinical endpoints, including TLF, death, MI and TLR between the 3 groups, confirming the positive clinical performance for the Synergy stent.[@b60-btt-7-149]

The pivotal EVOLVE II project, consisting mainly of a multicenter noninferiority RCT, commenced recruitment in November 2012. The aim of this study is to further assess the safety and effectiveness of the Synergy stent for the treatment coronary lesions in 1684 patients in up to 160 worldwide sites. Patients will be randomized 1:1 to the Synergy versus the Promus Element Plus EES. The primary end-point is TLF at 12 months. Complete follow-up will be for 5 years. The EVOLVE II project will equally involve a concurrent PK substudy (20--30 patients) as well as a consecutive diabetes single-arm registry (250--292 patients).

The EVOLVE clinical trial program will be completed with an additional QCA study, a specific trial for China, and a study to explore the potential shorter need for DAPT with Synergy, based on the bioabsorbable properties of the polymer used for this stent.

Pt Cr stents and longitudinal stent deformation
-----------------------------------------------

Longitudinal stent deformation (LSD) is a recently recognized complication of coronary stent deployment, but mechanisms contributing to its occurrence and associated clinical outcomes remain unclear. LSD consists of any longitudinal compression or elongation of a stent resulting in the need for additional treatment, including repeat dilatation of the stent, placement of a second stent, and/or surgical intervention. To date, several published case series[@b61-btt-7-149],[@b62-btt-7-149] and a more recent retrospective review of the FDA MAUDE database for device malfunctions[@b63-btt-7-149] have highlighted this new phenomenon. However, it remains difficult to draw firm conclusions on mechanisms and procedural and anatomical factors that predispose to this complication based on these cases. Recent engineering analyses have suggested that there are significant differences in longitudinal strength between contemporary stent platforms.[@b64-btt-7-149],[@b65-btt-7-149]

At least 8 stent designs have been implicated, although LSD appears to occur more often with the Promus Element stent (7 out of 12 cases published). As the Promus Element stent is the only stent with Pt-Cr alloy, its radiopacity is much higher, favoring earlier angiographic detection of a given LSD with Promus Element as compared with other stent types. There is no reason to think that the Pt-Cr alloy itself could be responsible for mechanical differences. In fact, Pt-Cr has a superior density and tensile strength compared with Co-Cr and 316L.[@b15-btt-7-149] The mechanical susceptibility to longitudinal compression of the Promus Element is therefore only dependent on its unique design, an offset peak-to-peak design, and only two connectors between each stent ring. In response to these concerns, the recently developed Synergy PtCr-EES and Promus Premier PtCr-EES have additional end connectors to increase the longitudinal robustness.

Finally, an independent angiographic core laboratory systematically analyzed 2403 stents implanted in the PLATINUM and PERSEUS randomized trials. Interestingly, across the three distinct coronary stent platforms with differing metal alloy composition (316L SS, CoCr, PtCr), strut thickness (132 μm, 81 μm) and stent designs, no incidence of severe stent deformation was identified.[@b66-btt-7-149] Of note, the present study included only 513 ACC/AHA type C lesions (21% of all lesions), the type in which LSD is most likely to occur. Lesions with complex characteristics such as severe calcification, severe tortuosity, ostial lesions, and chronic total occlusions were excluded in these trials. Further study of the relative frequency of LSD of different stents is thus warranted in larger studies of highly complex lesions. In the meantime, strategies to avoid LSD have been suggested and include adequate target lesion preparation, more optimal stent expansion with the stent delivery system, minimized guide catheter--stent contact during efforts to maximize guide catheter support, and use of finesse and not force if resistance upon recrossing is met.

Conclusion
==========

The novel thin strut PtCr coronary everolimus-eluting stents combine improved acute mechanical performance in terms of flexibility, deliverability, conformability, radial strength, and visibility, with favorable long-term clinical results. Several large trials have demonstrated the safety and efficacy of the Promus Element PtCr EES, with incidences of TLF and stent thrombosis at 1 year as low as 3% and 0.4%, respectively. Furthermore, initial clinical experience with the improved thinner strut Synergy PtCr stent with abluminal everolimus-elution through a bioabsorbable polymer coating looks promising, potentially paving the way towards reduced duration of DAPT therapy. The challenge remaining for these novel DES is to further confirm their value in a real-world setting of complex patients and interventions.

**Disclosure**

The authors report no conflicts of interest in this work. CD has received institutional grants from Abbott Vascular, Medtronic, Biosensors International, and Boston Scientific. CD is a member of the Scientific Medical Advisory Board of Boston Scientific.

![Design structure of the Promus Element stent.](btt-7-149Fig1){#f1-btt-7-149}

![Key differences between the Promus Element and Synergy stent. In the thinner-strut Synergy stent, the drug and bioabsorbable poly-DL-lactide-co-glycolide (PLGA) polymer are applied to the abluminal stent surface only (**A**). The Synergy stent has different strut thickness, connector angle, and peak radius diameters, resulting in an enhanced stent platform (**B**). Panel (**C**) shows similar radiopacity between the stents despite reduced strut thickness in the Synergy stent.](btt-7-149Fig2){#f2-btt-7-149}

![Kinetics of drug release and polymer absorption with the Synergy stent.\
**Note:** The Synergy Stent shows drug release over 90--120 days, concurrent with polymer absorption.\
**Abbreviation:** PLGA, poly-DL-lactide-co-glycolide.](btt-7-149Fig3){#f3-btt-7-149}

![Coronary angiography and optical coherence tomography (OCT) 9 months after Promus Element implantation. A diffusely diseased right coronary artery (**A**) was treated with three slightly overlapping Promus Element stents. Panel (**B**) confirms excellent radiopacity of the Platinum Chromium Element stent platform. Follow-up angiography at 9 months shows prolonged vessel patency (**C**). A representative OCT image confirms favorable healing: all struts (white arrows) are covered with a thin homogeneous layer of neointimal tissue (arrowhead) with a well-preserved lumen area (**D**).](btt-7-149Fig4){#f4-btt-7-149}

###### 

PLATINUM and EVOLVE Clinical Trial Programs

  Study           Design                                            Lesion type                        Lesion length   Baseline RVD         Control                            1° Endpoint                               Patients N°
  --------------- ------------------------------------------------- ---------------------------------- --------------- -------------------- ---------------------------------- ----------------------------------------- -------------
  PLATINUM QCA    Prospective multicenter single-arm                De novo                            ≤34 mm          ≥2.25 to ≤4.25 mm    Historical results Taxus Express   30-day TLF 9-month in-stent LLL           100
  PLATINUM RCT    Prospective multicenter single-blind randomized   De novo (≤2 lesions)               ≤24 mm          ≥2.5 to ≤4.25 mm     CoCr-EES (Xiencev or Promus)       12-month TLF                              1,530
  PLATINUM SV     Prospective multicenter single-arm                De novo                            ≤28 mm          ≥2.25 to \<2.50 mm   Historical results Taxus Express   12-month TLF                              94
  PLATINUM LL     Prospective multicenter single-arm                De novo                            24--34mm        ≥2.50 to ≤4.25 mm    Historical results Taxus Express   12-month TLF                              102
  PLATINUM PK     Prospective multicenter single-arm                De novo                            ≤24 mm          ≥2.5 to ≤4.25 mm     N/A                                Observational                             20
  EVOLVE FHU      Prospective multicenter single-blind randomized   De novo                            ≤28 mm          ≥2.25 to ≤3.5 mm     PtCr-EES (Promus Element)          30-day rate of TLF 6-month in-stent LLL   291
  EVOLVE II RCT   Prospective multicenter single-blind randomized   De novo (≤3 lesions; ≤2 vessels)   ≤34 mm          ≥2.25 to ≤4.0 mm     PtCr-EES (Promus Element plus)     12-month TLF                              1,684
  EVOLVE II PK    Prospective multicenter single-arm                De novo (≤3 lesions; ≤2 vessels)   ≤34 mm          ≥2.25 to ≤4.0 mm     N/A                                Observational                             20--30
  EVOLVE II DM    Prospective multicenter single-arm                De novo (≤3 lesions; ≤2 vessels)   ≤34 mm          ≥2.25 to ≤4.0 mm     N/A                                12-month TLF                              250--292
  EVOLVE QCA      Prospective multicenter                           De novo                            ≤34 mm          ≥2.25 to ≤4.0 mm     N/A                                9-month in-stent LL                       100

**Abbreviations:** RVD, reference vessel diameter; QCA, quantitative coronary angiography; TLF, target lesion failure (defined as the composite of target vessel-related cardiac death, target vessel-related myocardial infarction, or ischaemia-driven target lesion revascularization); RCT, randomized control trial; SV, small vessel; LL, long lesion; PK, pharmacokinetic; FHU, first human use; DM, diabetes mellitus; LLL, late luminal loss; CoCr-EES, cobalt chromium everolimus-eluting stent; PtCr-EES, platinum chromium everolimus-eluting stent; N/A, not available.
